We examined the effects of the phorbol ester phorbol 12-myristate 13-acetate (PMA) on the rate of hexose transport into 3T3-Ll adipocytes. Exposure of adipocytes to PMA (1 /M) for 60 min results in a 1.7-2.5-fold increase in the rate of hexose transport. This effect was mediated by translocation of two isoforms of glucose transporters to the plasma membrane, as determined by labelling in situ, photoaffinity labelling with a membrane-impermeant glucose analogue, and by immunoblotting of subcellular fractions. The PMA-induced stimulation of both transport and transporter translocation was substantially less than that induced by insulin in this cell line; the PMA-induced increase in plasma-membrane GLUT 1 and GLUT 4 transporter isoforms was only about 40 % and 10 % respectively of that induced by insulin. We suggest that the stimulation of transport by insulin and PMA occurs via different mechanisms, which is manifested by the ability of insulin to induce a much greater increase in the plasma-membrane content of GLUT 4 compared with the phorbol ester.
INTRODUCTION
Glucose transport into mammalian cells has been shown to be regulated by insulin, as well as a variety of other agents. In responsive cell types such as adipocytes, insulin induces the translocation of glucose transporters from an intracellular pool to the plasma membrane, resulting in an increased rate of glucose uptake into the cell (Cushman & Wardzala, 1980; Suzuki & Kono, 1980; Blok et al., 1988) . Translocation has also been demonstrated in Swiss 3T3 fibroblasts in response to epidermal growth factor, fibroblast growth factor, platelet-derived growth factor and the tumour promoter phorbol 12-myristate 13-acetate (PMA) (Kitagawa et al., 1986; Kitagawa, 1987) .
We have shown that 3T3-L1 adipocytes contain a glucose transporter that reacts with antibodies against a synthetic peptide corresponding to the C-terminal 16 amino acids of the human erythrocyte transporter (hereafter referred to as GLUT 1), and that in response to insulin there is a 3-fold increase in the amount of this transporter at the cell surface as the result of translocation from an intracellular site (Blok et al., 1988; Calderhead & Lienhard, 1988) . James et al. (1988) have obtained evidence for the existence of a novel transporter, immunologically distinct from GLUT 1, which is expressed in insulin-responsive tissues (hereafter referred to as GLUT 4). The amino acid sequence of this transporter has been deduced from cDNA cloning and sequencing (James et al., 1989; Birnbaum, 1989; Kaestner et al., 1989; Charron et al., 1989; Fukumoto et al., 1989) , and the presence of this transporter in addition to GLUT 1 has been demonstrated in 3T3-L1 adipocytes (James et al., 1989; Birnbaum, 1989; Kaestner et al.,, 1989) . Furthermore, translocation of GLUT 4 to the plasma membrane in response to insulin has been demonstrated in 3T3-L1 adipocytes (James et al., 1989; Birnbaum, 1989) . The present study examines the stimulation of glucose transport in 3T3-L1 adipocytes in response to PMA, and compares the characteristics of this stimulation with that induced by insulin.
The results herein show that PMA causes a modest translocation of both transporter species, but that its effects on translocation and stimulation of hexose transport are substantially less than those induced by insulin. Furthermore, it has been reported that in isolated rat adipocytes PMA mimics quantitatively the insulin effect on total transporter translocation, but not the effect on hexose transport (Muhlbacher et al., 1988; Obermaier-Kusser et al., 1989) . In contrast with these findings, we report here that PMA does not mimic fully the insulin stimulation of transport or transporter translocation in 3T3-L1 adipocytes, and we suggest that the stimulation of transport by these two agents occurs via different mechanisms.
MATERIALS AND METHODS

Materials
The affinity-purified rabbit antibodies against the purified human erythrocyte glucose transporter (anti-GLUT 1 antibodies) and against the C-terminal peptide (residues 477-492) of the human/rat glucose transporter (anti-GLUT 1 C-peptide antibodies) were preparations that have been described (Schroer et al., 1986; Davies et al., 1987) . Experiments that required antibodies to the muscle/fat-specific glucose transporter were performed with either mouse monoclonal (1F8) or rabbit polyclonal (R820) antibodies generously provided by Dr. David James (Department of Cell Biology, Washington University School of Medicine, St. Louis, MO, U.S.A. (Chuoku, Tokyo, Japan) . All other reagents were as previously described .
Cell culture 3T3-Ll cells were carried as fibroblasts and differentiated into adipocytes as described by Frost & Lane (1985) . The adipocytes were used between days 7 and 1I1 after initiation of differentiation. Insulin stimulation of 2-deoxyglucose uptake by the adipocytes during this period was routinely about 10-15-fold. Plates were incubated at 37°C in serum-free Dulbecco's modified Eagle's medium (DMEM) for 2 h immediately before use.
Hexose-transport assays Hexose transport was assayed by the uptake of [1,2-3H]-deoxyglucose . Monolayers were washed with 3 x 3 ml of Krebs-Ringer phosphate (KRP; 136 mmNaCl / 4.7 mM-KCl / 1.25 mM-MgSO4 / 1.25 mM-CaCl2 / 5 mMsodium phosphate, pH 7.4) or Krebs-Ringer Hepes (KRH; 136 mM-NaCl /4.7 mM-KCl / 1.25 mM-MgSO4 / 1.25 mM-CaCl2/ 10 mM-Hepes, pH 7.4) at 37°C and then covered with ml of KRP (or KRH). Insulin and phorbol ester were present for the times indicated in the Figure legends . PMA was dissolved in neat dimethyl sulphoxide and added to the cells such that the dimethyl sulphoxide concentration was 0.5 %, which had no effect on hexose transport. Uptake was initiated by the addition of [3H]deoxyglucose (final concn. 50 #Om and 0.5 #Ci/ml). After incubation for the times indicated in the Figure and Table legends, uptake was terminated by aspirating the medium and washing the monolayers three times with ice-cold phosphatebuffered saline (PBS; 150 mM-NaCI/ mM-NaH2PO4, pH 7.4). The cells were solubilized with 1.0 ml of % Triton X-100, and the radioactivity in a sample was measured by liquid-scintillation spectrometry. Uptake values were corrected for the non-specific association of [3H] deoxyglucose with the cells by subtracting the uptake in the presence of 25 ,uM-cytochalasin B, a potent inhibitor of transport (Bloch, 1973 Figure  legends . Glycoproteins at the cell surface, including the glucose transporter, were then labelled by treating the intact cells with galactose oxidase followed by [3HHborohydride at 0 'C. GLUT 1 was subsequently immunoprecipitated by using affinity-purified antibodies against the C-terminal peptide (Davies et at., 1987) . The immunoprecipitates were electrophoresed and the radioactivity in the transporter band was determined. The details of this method have been reported elsewhere (Calderhead & Lienhard, 1988; . The method provides a measure of the relative amounts of GLUT 1 at the cell surface. -10 Ci/mmol), was added to each plate (Calderhead et al., 1990; Clark & Holman, 1990) antibodies (R820) and Protein A-Sepharose (10 #1) for 90 min.
After brief centrifugation (6 s at 14000 rev./min in an Eppendorf microfuge), the GLUT 4-depleted supernatant (1.2 ml) was treated with 3,ug of anti-GLUT antibody and Protein A-Sepharose for 1.5 h. Both Protein A pellets were washed three times with 10% C12E8 in PBS and once with 0.1 % C12E8 in PBS, and then the transporters were eluted as described by Gibbs et al. (1986) . Samples of the immunoprecipitates (equivalent to 1.5 x 106 cells) in SDS sample buffer were electrophoresed on 10 -polyacrylamide gels; the gels were sliced and the slices were incubated in 6% Protosol in Econofluor (National Diagnostics) at 37°C with agitation overnight. The radioactivity in the slices was measured by liquid-scintillation spectrometry to determine the total radioactivity in the transporter peak.
Subcellular fractionation and immunoblotting
A method for obtaining a subcellular fraction containing most of the intracellular GLUT has been described Brown et al., 1988; Gould et al., 1989) . In brief, this method involves centrifugation of a cell homogenate at 16 000gmax. for 20 min at 4°C, which pellets 95 of the plasma membrane. The supernatant contains 50 of the total GLUT as determined by immunoblotting; the amount of GLUT in this fraction decreases by 50 % in response to insulin (Brown etal., 1988; Gould etal., 1989) . Further centrifugation of this supernatant at 180000 gmax. results in a pellet containing all of the membranes from the original supernatant. GLUT 4 can readily be detected in this membrane fraction by immunoblotting; insulin decreased the amount of GLUT 4 in this fraction by 50%. Relative levels of both GLUT and GLUT 4 in the 180000 gmx pellet were quantified by immunoblotting with appropriate first antibodies, followed by detection with 125I_ labelled goat anti-rabbit or anti-mouse second antibody. Electrophoresis and immunoblotting were performed as described by Gibbs et al. (1988 (Peterson, 1977) .
RESULTS
Effect of PMA and insulin on deoxyglucose transport
We have previously shown that in 3T3-L1 adipocytes PMA stimulates hexose transport 1.7-2.5-fold over a 1 h period, with a detectable increase becoming apparent within 10 min (Gibbs et at., 1986) . Furthermore, this effect is not additive with that of maximal stimulatory concentrations of insulin (Gibbs et at., 1986) . This result was confirmed in the present study (Fig. 1) . However, sub-maximal insulin concentrations showed effects on transport that were additive with those of PMA (Fig. 1) (136 mM-NaCl, 4.7 mm-KCl, 1.25 mM-MgSO4, 1.25 mM-CaCl2, 1 mg of BSA/ml, 10 mM-Mes, pH 6.0 at 37°C), and then incubated at 37°C in 3 ml of KRM without insulin or PMA for the indicated times. The cells were then washed once with 3 ml of KRM and twice with 2.5 ml of KRH, and deoxyglucose uptake over a 1 min period was measured as described in the Materials and methods section.
Data from two experiments performed in duplicate are expressed as pmol/min per 106 cells (mean+ S.E.M., n = 4). Significant differences from cells that were not treated with PMA are indicated: *P < 0.05; **P < 0.01.
with insulin for 10 min, adding PMA for a further 20 min, and then subjecting the cells to a washing protocol that reverses the insulin stimulation (Gibbs et al., 1986) . PMA failed to prevent the return toward basal transport rates; the half-time for reversal was identical with that obtained in cells treated with insulin alone (Fig. 2) . It is clear that the additive effect of PMA with subVol. 275 maximal insulin stimulation was maintained at all time points (Fig. 2) Blackshear et al. (1985) to determine whether the stimulatory effect of insulin on transport was affected. As a functional assessment of the effectiveness of the down-regulation protocol, we determined whether the phosphorylation of GLUT 1 that is known to occur with acute PMA treatment (Gibbs et al., The overnight PMA treatment resulted in a 75 % increase in total cellular GLUT 1 expression (results not shown), which probably accounts for the small (50%) transport stimulation that was observed. However, GLUT 1 expression was unchanged after a 2 h incubation (results not shown), whereas deoxyglucose uptake was increased 2-fold, suggesting that the rapid uptake stimulation was independent of increased transporter expression.
These findings on GLUT 1 expression are in agreement with other reports (Flier et al., 1987; Kitagawa et al., 1989) . In Phorbol ester partially mimics insulin action in 3T3-L1 cells contrast with the effect on GLUT 1, GLUT 4 expression was unchanged with prolonged PMA treatment (results not shown).
DISCUSSION
In this work, we set out to characterize the molecular basis for the acute stimulation of glucose transport induced by PMA in 3T3-L1 adipocytes (Gibbs et al., 1986) . Exposure of these cells to PMA results in a small, but reproducible, stimulation of hexose transport, which represents a 1.7-2.5-fold stimulation over basal levels by 60 min. The phorbol analogue 4aPDD, which does not activate protein kinase C, had no effect on transport. We (Gibbs et al., 1986) previously reported that the effects of maximally stimulating concentrations of PMA and insulin on glucose transport in 3T3-LI adipocytes are not additive, and here we demonstrate that at sub-maximal concentrations of insulin additive effects are reproducibly observed. The lack of additivity at maximally activating concentrations of insulin implies that the mechanisms by which the two agents stimulate transport converge at some stage, although the initial signal probably differs (see below). Furthermore, we have shown that PMA does not prevent the return toward basal transport rates observed when insulin-treated adipocytes are washed to remove bound insulin. Significantly, the kinetics of the reversal were identical in both control and PMA-treated cells. On the basis of these results, we propose that PMA does not inhibit the translocation from the plasma membrane when the insulin signal is reversed, since only the incremental increase in transport attributable to PMA remains after the reversal procedure.
It has been demonstrated that adipocytes contain two immunologically distinct glucose transporters, both of which undergo insulin-stimulated translocation from an intracellular site to the plasma membrane (Blok et al., 1988; Calderhead & Lienhard, 1988; Gibbs et al., 1988; James et al., 1988 James et al., , 1989 Bimbaum, 1989; Kaestner et al., 1989; Calderhead et al., 1990) .
A previous study demonstrated that PMA treatment of rat adipocytes leads to the translocation of glucose transporters to an extent comparable with that induced by insulin (Muhlbacher et al., 1988; Obermaier-Kusser et al., 1989) . We therefore used a number of techniques to compare the contribution of both GLUT 1 and GLUT 4 to the stimulation of transport by PMA and insulin in 3T3-L1 adipocytes.
Using a procedure for labelling in situ (Calderhead & Lienhard, 1988) , we quantified the relative increases of GLUT 1 at the plasma membrane in response to PMA and insulin (Table 1) . Chronic exposure of cells to PMA (16 1uM) has been shown to down-regulate protein kinase C in this cell line (Blackshear et al., 1985) . Under conditions of down-regulation, PMA had no effect on transport when administered acutely (20 min) or chronically (24 h). However, protein kinase C down-regulation had no effect on acute or chronic insulin-stimulated hexose transport; these findings indicate that the PMA-sensitive protein kinase C isoform is not involved in hexose transport stimulation by insulin, and further argue that PMA-and insulin-induced stimulations of hexose transport occur by distinct mechanistic routes in 3T3-LI adipocytes. We note that these data do not preclude a role of protein kinase C in the stimulation of hexose transport, as multiple isoforms of protein kinase C have been identified, and not all of them may be down-regulated by the treatment used in this study (Huang et al., 1989) . However, the isoform which mediates PMA-induced stimulation of hexose transport is clearly down-regulated by this treatment, and therefore cannot be involved in transport stimulation by insulin.
In conclusion, the PMA-induced stimulation of both glucose transport and glucose-transporter translocation in 3T3-L1 adipocytes was only a small fraction of that induced by insulin. The PMA-induced increase in plasma-membrane GLUT 1 and GLUT 4 transporter isoforms amounted to only about 40 % and 10 % of the insulin-induced increase respectively. These results suggest that most of the difference in transport stimulation by the two agents can therefore be explained by the inability of PMA to induce as large an increase in the plasma membrane content of GLUT 4 as that induced by insulin.
